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FIG. 2. Calculatedenthalpiesof protonatedb-, R-, ‎-,‏-MnO2

‌-MnOOH, Mn(OH)2, Mn3O4, ZnMn2O4, Bi-/Cu- modified
MnO2, BiMn2O5 and CuMn2O4. Theenthalpiesare plotted with
respectto theb-MnO2 (pyrolusite)- Mn(OH)2 (pyrochroite) line.

FIG. 3. Optimized crystal structures of layered Mn oxides
containingBi,Cu,Mg, andZnions.

FIG. 7. Calculatedenthalpies of manganeseoxide compounds
containingBi, Cu, Mg, and Zn ions. The enthalpiesare plotted
with respectto thel-MnO2 (spinel)- Mn(OH)2 (pyrochroite) line.

Ab InitioStudies of the Cycling Mechanism of MnO2 Cathodes Modified with Bi, Cu, and Mg in Rechargeable 
Zn/MnO2 Batteries

Abstract: RechargeablealkalineZn/MnO2 batteries hold great promise for electricalenergystorageand power grid applicationsdue to their high energydensity,non-toxicity, and low cost. Bi and Cu
additivesareknownto significantlyextendthe cyclelife andincreasethe capacityof MnO2 electrodesin rechargeableZn/MnO2 batteries. However,the mechanismof interactionof BiandCuwith the MnO2

cathodematerial is not completelyunderstood. To investigatethe influenceof chemicaladditiveson the rechargeabilityand cyclabilityof MnO2 electrodes,we calculatedthe geometriesand formation
enthalpiesfor a wide varietyof crystalstructuresof MnO2 modifiedwith Bi,Cu,andMg usingab initio computationalmethodsbasedon densityfunctionaltheory. Theresultsof our calculationssuggestthat
reversibletransitionsbetweenthe layeredandspinelphasescouldplayan important role in the cyclingmechanismof chemicallymodifiedMnO2 cathodes.

Summary

ÅAb initio computational methods based on density
functionaltheory (DFT).

ÅQuantum ESPRESSO(opEn-Source Package for
Research in Electronic Structure, Simulation, and
Optimization)electronicstructurecode.6

ÅGGAPBEsolexchange-correlationfunctional.7

ÅVanderbiltultra-soft pseudopotentials.8

ÅSpinpolarizedcalculations.

ÅStructuraloptimizationwasperformed usingab initio
MD simulationsandthe BFGSalgorithm.
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FIG. 1. Optimizedcrystalstructuresofb-MnO2, R-MnO2,g-MnO2,
,MnO2‗-MnO2,‌-MnOOH-‏ Mn(OH)2, andMn3O4.

Computational Methods

Proposedmechanismof reversiblephasetransitions in
modified MnO2 cathodes:

Å Mn oxidecompoundscontainingCuandMg ionscan
undergo reversible layer-to-spinel-to-layer phase
transformations.

Å The inversephasetransformation from spinel to a
layered structure is assisted by the presence of
interstitial water in Cu-, andMg-intercalatedd-MnO2

birnessitecompounds.

Å Reversiblelayer-to-spinel-to-layer phase transitions
couldexplainthe influenceof Bi andCuadditiveson
the electrochemicalpropertiesof MnO2.

Affordable energy storage is essential for efficient
integration of renewable energy sources into the
electrical power grid. Rechargeablealkaline Zn/MnO2

batteriesrepresentan attractivesolution for large-scale
energy storage applications because of their high
energydensity,non-toxicity,andlow cost.1-3

We applied first-principles computational methods
based on density functional theory to investigate the
electrochemicalpropertiesof Bi-, Cu-, and Mg-modified
MnO2 cathodesin rechargeableZn/MnO2 batteries. The
results of our calculations suggest a possibility of
reversible transitions between the layered and spinel
phasesof Mn oxidescontainingCuand Mg ions,which
couldplayan important role in the cyclingmechanismof
chemicallymodifiedMnO2 cathodes.

The influence of Bi and Cu additiveson the cycle life
and rechargeabilityof MnO2 cathodescanbe explained
by the formation of intermediate Bi-Mn and Cu-Mn
oxidesthat reducethe rate of accumulationof Mn3O4.
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A. DischargeMechanismof Unmodifiedg-MnO2
Electrodes

Duringelectrochemicalreduction,d-MnO2 canundergo
a transition from a layeredbirnessitephaseto spinel. A
spontaneouslayer-to-spinelphasetransition is believed
to be the origin of capacity fading in rechargeable
batteries utilizing d-MnO2 cathodes.11 Recent studies
indicated a possibility of the inverse phase transition
from spinelto a layeredbirnessitestructure. Theinverse
spinel-to-layerphasetransition appearsto be mediated
by the presenceof metal ionsandinterstitial water.12

C. Reversiblephasetransitions in MnO2 cathodes
modified with CuandMg.

FIG. 4. Optimizedcrystalstructuresof hydratedBi-, Cu-, Mg-, and
Zn-intercalatedd-MnO2 birnessitecompounds.

FIG. 5. Optimizedcrystalstructuresof BiMn2O5 and Cu-, Mg-, and
Zn-containingspinelphases(CuMn2O4, MgMn2O4, andZnMn2O4).

FIG. 6. Optimizedcrystalstructuresof BiMn2O4H, Cu8Mn8O16, and
Mg8Mn8O16.

FIG. 8. Schematicillustration of reversible transitions between
the layeredandspinelphasesof Cu-modifiedmanganeseoxides.

Rechargeable Alkaline Zn/MnO2 Batteries

ÅHighenergydensity(>400wh/L),
ÅCheapandabundantmaterials,
ÅEnvironmentallyfriendly,
ÅIncombustible,no riskof fire.

Advantages Known Issues

ÅRelativelyshort cyclelife,
ÅCapacitydegradationdueto

accumulationof Mn3O4 and

ZnMn2O4.
2,3

Thereductionof g-MnO2 leadsto the breakdownof its
crystal structure and to the formation of irreversible
dischargeproducts,suchasMn3O4 andZnMn2O4.
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B. CyclingMechanismofd-MnO2 Electrodes
Modified with Bi andCu.

Cyclingmechanismof Bi/Cu-modifiedd-MnO2 cathodes:

Å Addition of Bi and Cu suppressesthe formation of
Mn3O4. Thiseffect canbe explainedby the formation
of intermediateBi-Mn andCu-Mn oxidecompounds.

Å Fulltwo-electronreversibleredoxreactionis possible
in �Ü-MnO2 cathodesmodifiedwith BiandCu.

Å Accumulationof ZnMn2O4 in the �Ü-MnO2 cathode
negativelyaffects the cyclelife of Bi/Cu-modified �Ü-
MnO2/Zn batteries.
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Recentstudieshaveshownthat Bi andCuadditivescan
significantly extend the cycle life and improve the
performanceof rechargeableZn/MnO2 batteries.4,5

Thegoalof this study is to developa theoreticalmodel
describingthe dischargemechanismof MnO2 cathodes
in rechargeableZn/MnO2 batteriesandapplythis model
to investigatethe influenceBi, Cu,and Mg additiveson
the electrochemicalpropertiesof MnO2.

Research Objectives

FIG. 9. Schematicillustration of reversible transitions between
the layeredandspinelphasesof Mg-modifiedmanganeseoxides.
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